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Instruments on the Cassini spacecraft reveal that a heat source within Saturn's moon Enceladus powers a great plume of water ice particles and dust grains, a geyser that jets outward from the south polar regions and most likely serves as the dominant source of Saturn's E ring. The interaction of flowing magnetospheric plasma with the plume modifies the particle and field environment of Enceladus. The structure of Saturn's magnetosphere, the extended region of space threaded by magnetic-field lines linked to the planet, is shaped by the ion source at Enceladus, and magnetospheric dynamics may be affected by the rate at which fresh ions are created. E arly in 2005, the Cassini spacecraft passed Saturn_s moon Enceladus, providing a wealth of new data on this curious satellite, as the mission teams report in this issue (1) (2) (3) (4) (5) (6) (7) (8) (9) . A tiny moon (diameter È500 km) with an exceptionally bright icy surface, Enceladus orbits Saturn at a distance of 4.89 R S (where R S is a Saturn radius 0 60,268 km). A textbook on planetary sciences (10) published shortly before Cassini_s arrival in the Saturn system describes it as Bremarkable and enigmatic,[ conjectures that its interior may be partially liquid, and considers that it may be the source of particles forming the E ring. Cassini_s recent discoveries of warm surface features near the south pole (7) and of an extended plume of water ice particles and dust (5, 6) provide insight into the enigma and begin to resolve the question of the source of the bright material on the surface, the E ring, and the torus of neutral O and OH present in Saturn_s inner magnetosphere (11, 12) .
In an accompanying Perspective (13), Kargel discusses implications of the observations for our understanding of the interior and physical properties of Enceladus. The newest discoveries also provide critical insight into the processes that drive Saturn_s magnetospheric dynamics.
In particular, the plume ejecta affect local properties of the magnetospheric plasma, such as mass density and flow patterns. A magnetized plasma flowing toward an electrically conducting moon or a moon surrounded by a cloud of ions will be slowed and diverted (14, 15) . The local magnetospheric magnetic field, in turn, responds as if it were frozen into the flowing plasma; the field strength and plasma density increase in the regions of slowed flow. Much of the plasma avoids encounter with the moon; field lines bow out in response to the diversion of the flow. Because the plasma slows first near the moon and only with some delay at locations on field lines far above and below the moon, the interaction bends those field lines as if they were the strings of sling shots draped around projectiles. With this picture in mind and the natural assumption that the moon is roughly spherical, one can predict the form of the magnetic perturbations along flyby trajectories in different parts of the interaction region. The first flyby (17 February 2005) occurred È1259 km north of the moon, and indeed, the observed magnetic perturbations were consistent with the sling-shot analogy.
On the closer (È497 km) flyby of 9 March 2005, however, the field bent in a direction different from that anticipated for a compact quasispherical moon; as a result, the magnetometer team concluded that an extended atmosphere must be present, localized near the south pole. To test this inference, the altitude of the third flyby (14 July 2005) was decreased to È168 km. This optimized pass enabled the remote sensing instruments (1, 3, 5, 7, 9) to detect not an atmosphere but a rather narrow plume jetting water vapor and dust particles (6) above the south polar regions. The plume originates in the region of heated and distinctively colored surface lineaments referred to as Btiger stripes[ and is the source of a localized cloud of ions and electrons (4, 8) whose effects on the magnetic field forecast its presence. Slowing and diversion of the plasma flow began at a distance of 27 Enceladus radii (R E ) from the moon, consistent with a widely distributed source of neutral material (8) .
The particulates that maintain Saturn_s E-ring properties now can be fully identified. The trajectories and fluxes of dust particles in the plume appear adequate to maintain the E ring (6). The ice particles and water-group atoms and molecules supplement an E-ring source, and through charge exchange and impact ionization they continuously supply heavy ions to the inner magnetosphere. Tokar et al. (8) estimate a rate of mass loading (Q100 kg/s) compatible with earlier estimates based on Hubble Space Telescope observations (16) .
It is also clear that not only Enceladus but also its plume absorb energetic particles that drift With the water ion source in the inner magnetosphere better understood, we can think about how this plasma contributes to magnetospheric structure and dynamics (Fig. 1) . Electromagnetic forces accelerate the newly ionized material until it roughly corotates with Saturn, draining angular momentum from Saturn_s ionosphere. This rotating plasma exerts centrifugal stress on its surroundings. Beyond 1.9 R S from the spin axis, the stresses related to rotation dominate the gravitational force. If the integrated mass of ions on magnetic flux tubes crossing the equator of Saturn near the orbit of Enceladus exceeds the integrated mass of ions on flux tubes crossing further out, the system is unstable to flux tube interchange-a process in which mass-loaded flux tubes change places with less heavily loaded flux tubes (17) . Mass is thus transported outward, possibly with little effect on the magnetic configuration. The process is analogous to that found in gravitationally bound atmospheres, wherein a cold dense element of gas embedded in a hot tenuous environment at fixed pressure falls toward the surface. The rotational interchange process, which spontaneously carries mass outward, is less often described in the magnetospheric context, but its signatures have been identified at Earth (18) , Jupiter (19) , and most recently at Saturn (20, 21) , where they are found over a large range of radial distances.
Currents carried in the plasma establish the magnetic structure of the middle and outer magnetosphere. Beyond roughly 10 R S , the thermal energy density (ºp) becomes greater than the magnetic energy density (ºB 2 /m 0 ), where B is the field magnitude, m 0 is the permeability of vacuum, and p is the thermal pressure. Under these conditions, plasma currents cause the magnetic field to bulge out radially near the equator (referred to as ballooning) and the plasma expands outward, forming a plasma disk (22, 23) . Probably the most puzzling aspect of magnetospheric dynamics is that the field configuration (23) and particle fluxes (24, 25) vary at the planetary rotation period, as does the radio emission in the kilometric band (26) . There is, as yet, no consensus on how periodicity is imposed by the rotation of a nearly axially dipole field (27) . The mechanism proposed by Espinosa et al. (28) requires a Bcamshaft[-some anomaly in the inner magnetosphere that launches outward-moving pulsed perturbations. (A camshaft is a structure that converts rotational motion into linear motion.) The high level of symmetry of Saturn_s magnetic field, however, made it difficult to identify the form of the anomaly.
Cassini magnetometer data are consistent with the camshaft model, with the modulated rate of outflow of plasma from the inner magnetosphere possibly linked to varying rates of interchange and ballooning of the flux tubes linked to different positions around Saturn (29) . Modulated transport would then impose periodicity on both plasma and field signatures despite the symmetry of the internal magnetic field of Saturn. Aspects of this picture relate to the magnetic anomaly model introduced to describe some Jovian magnetospheric processes (30) .
Variations of ionospheric conductance at fixed latitude could arise from high-order multipoles of the internal field (undetectable at spacecraft altitudes) or from nonuniform atmospheric structure. A complete account of the process would have to explain the source of periodicity and also the variability of the period of kilometric radio emissions (labeled as SKR in Fig. 1 ) over decades (31, 32) . Although many of these specific ideas have not yet been tested, we can be sure that the dynamics of Saturn_s magnetosphere are dominated by responses to plasma introduced by Enceladus. Fig. 1 . Schematic of Saturn's magnetosphere showing the plume at Enceladus as the source of plasma and outflowing plasma on the night side in a region linked magnetically to a region of lower-thanaverage ionospheric conductance. Red arrows indicate kilometric radiation emitted from Saturn's polar region (SKR). Diagram is not to scale.
